J. Chem. Sci.
(2022) 134:24
https://doi.org/10.1007/s12039-021-02024-y

Ó Indian Academy of Sciences
Sadhana
(0123456789().,-volV)FT3](0123456
789().,-volV)

REGULAR ARTICLE

Hybrid thermochromic hydrogels based on HPC/PVA for smart
windows with enhanced solar modulation
YUQIN FENGa,b, MING YANGa,b, YANBO ZHANGa, HONGJUN LIUd, HAIYAN JUa,b,
GANG ZHANGa,b, WENXIA MAa,b, YAQI WUa,b, YUNZI YUa,b, YONGSHENG YANGa,b,*
and DEZHENG LIUc,*
a School

of Chemistry and Engineering, Wuhan Textile University, Wuhan 430073, China
Key Laboratory of Biomass Fibers and Eco-dyeing and Finishing, Wuhan Textile University,
Wuhan 430073, China
c Hubei Key Laboratory of Power System Design and Test for Electrical Vehicle, Hubei University of Arts
and Science, Xiangyang 441053, China
d Key Laboratory of Natural Medicine and Immuno-Engineering of Henan Province, Henan University,
Kaifeng 475004, China
E-mail: ysyang@wtu.edu.cn; liudezheng@hbuas.edu.cn
b Hubei

Yuqin Feng and Ming Yang contributed equally to this work.
MS received 20 September 2021; revised 22 November 2021; accepted 29 November 2021

Abstract. Energy-saving smart windows could reduce building energy consumption by dynamically regulating solar transmission without consuming additional energy. However, current thermochromic smart
windows based on hydroxypropyl cellulose (HPC) are still facing challenges, such as low durability and
unsatisfactory in regulating the solar infrared region. To expand hydrogels’ modulation ability of infrared
region, hydrogels with temperature-sensitive properties of polyvinyl alcohol (PVA) and HPC were prepared
and applied in thermochromic smart windows areal. The HPC-PVA hydrogels have an ultra-high luminous
transmission in the visible light rather than infrared light regions, blocking most of the sunlight when the
temperature increases, thus greatly enhancing the solar modulating ability (DTsol) and infrared transmittance
modulation (DTIR). The 4 wt.% PVA doped in HPC exhibits the best solar modulation ability (DTIR, (20–50 °C)
5.5%, DTsol, (20–50 °C) 19.4% and Tlum, 20 °C 91.3%). In addition, these high-performance and temperaturesensitive materials have a high repetition and durability. The hydrogels could obtain adjusting broadband
sunlight smart windows with sandwich structure glasses.
Keywords. hydroxypropyl cellulose; lower critical solution temperature; temperature responsiveness;
thermochromic hydrogels; smart windows.

1. Introduction
Building energy consumption accounts for up to 40%
of the overall energy consumption in developed
countries,1 which exceeds the energy consumed by the
industry and transportation sectors.2 So far, the problem of building energy consumption has increasingly
attracted the attention of researchers. Thus, reducing
building energy consumption is signiﬁcant to reducing

the total social energy consumption, reducing power
costs and reducing greenhouse gas emissions.3 Smart
windows could change the sunlight transmittance
according to the external environment. Thus, reducing
the summer system cold and winter heating energy
consumption is conducive to building energy saving.4,5 Thermochromic smart windows are highly
competitive due to their low cost and reasonable
stimulus-response. Compared with conventional

*For correspondence
Supplementary Information: The online version contains supplementary material available at https://doi.org/10.1007/s12039-02102024-y.

24

Page 2 of 10

vanadium dioxide VO2,6–11 the thermochromic
hydrogel has the advantages of low transition temperature, high Tlum and DTsol.12,13
High solar modulation (DTsol), high light transmittance (Tlum) and low critical solution temperature
(LCST) are essential for ideal thermochromic smart
windows materials.14–16 Inorganic materials based on
vanadium dioxide (VO2) are usually used in smart
windows. Doping particular ions (such as Mg2?, W6?,
Cr3?, Tb, La ),17–22 preparing nanoporous structuring
VO223 and biomimetic nanostructuring24 could reduce
the phase transition temperature effectively.25 However, VO2 has large light absorption properties at both
high and low temperatures, and it is difﬁcult to
improve both DTsol and high Tlum.26 Temperatureresponsive
hydrogels
Poly(N-isopropylacrylamide)(PNIPAm) as candidates used in smart windows has been reported.27 However, it has some
disadvantages, such as poor durability and slow
response rate.28
Meanwhile, hydroxypropyl cellulose (HPC) is a
water-soluble cellulose derivative that contains various amounts of hydroxypropyl.29 It is a polysaccharide
compound.30 Hydroxypropyl cellulose (HPC), with
low phase transition temperature,31 rich sources,32 low
biodegradation, and no additional energy consumption
in a phase transition,33 which is an ideal candidate
material for use in smart windows.34,35 However, It
still faces some problems in application,36 such as the
difﬁculty of forming hydrogel ﬁlm37 and immature
phase transformation mechanism. Therefore, the
application of HPC solution in smart windows is
limited.38 Hu et al. tried to prepare the HPC hydrogel
by cross linking with divinyl sulfone, whereas just
microgel was obtained.39 Few physically crosslinked
HPC hydrogels with excellent transparency and
mechanical strength in currently available literature
were reported.40–43
For the above problems, the following studies were
conducted: hydrogel ﬁlm with compound HPC and
Polyvinyl alcohol (PVA) was successfully prepared.
Polyvinyl hydrogel (PVA) has been extensively
investigated due to its extensive usage and excellent
properties,44 such as non-toxicity45 and biocompatibility,46 sufﬁcient mechanical strength,47–51 and ﬁne
electrical conductivity. The HPC-PVA hydrogels are
ﬁrmly stable, it possesses high durability, repeatability
and anti-ultraviolet radiation ability. It is a suitable candidate for use in the smart windows application. Besides, PVA hydrogel is the hottest research
polymer in artiﬁcial corneas and contact lens application areas.52–55 However, PVA hydrogel does not
have smart functionality.56
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In this paper, we research the optical properties of
HPC-PVA hydrogel, including DTsol and Tlum. This
simple hydrogel sample shows a higher average Tlum
(82.9% vs. 70.7%), larger DTsol, (20–50 °C) (19.4%
vs. 16.3%), compared with the best-reported results for
the most studied PNIPAm hydrogels.59 Compared
with pure HPC (average Tlum 67.4%) hydrogel, HPCPVA hydrogel has a higher average Tlum, which is a
more suitable candidate for using in smart windows
areas.60 Their LCST could be easily adjusted according to the speciﬁc conditions with the surrounding
environment.
2. Experimental
2.1 Materials
The chemicals used in this study were HPC (Mw *
100,000, 99% puriﬁcation, Sigma-Aldrich), PVA
(Mw*61,000, Sigma-Aldrich), DMSO (analysis
puriﬁcation, Sigma-Aldrich) and a multipurpose sealant (Selleys All Clear). Deionized water (18.2 MX)
was used throughout the experiments. All chemicals
were used without any further puriﬁcation.
2.2 Hydrogel synthesis
0.9 g HPC powder was added to 1.8 mL deionized
water and gently stirred for 6 hours to obtain a clear
solution. 3.9 g (3.55 mL) DMSO was added to the
solution and stirred for 1 day to form a homogeneous
system. 10 mL H2O was added to the mixture solution
and stirred for 1 more hour to obtain the mother liquor. 3 mL of the solution was taken out and 0.50 g
(16 wt.%) PVA (Mw * 61,000) was added to the
mixture solution, stirred and heated to 90 °C for 3 h.
Then the mixture solution was poured into a mold and
frozen at -20 °C for 5 h, subsequently taken out and
placed at room temperature for 2 h. After such a
freeze-thaw cycle was repeated 4 times, HPC-PVA
hydrogel could be obtained. 4 wt.% and 8 wt.% PVA
hydrogels were prepared as the same method.

2.3 Characterization
SEM The cross-section morphologies of HPC-PVA
hydrogel were determined by scanning electron
microscopy (FESEM, JSM-6340F, JEOL) with an
operating voltage of 5 kV. The speciﬁc test steps are as
follows: two 1 mm HPC-PVA (16 wt.%) ﬁlms were
prepared. Heated one sample to 50 °C for 10 min, then
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put them into liquid nitrogen and freeze-dried for 2
days, followed by SEM test.
Differential scanning calorimetry (DSC) The
differential scanning calorimetry (DSC) test was conducted for HPC-PVA hydrogel. The sample was
equivalent at 40 °C and cooled to -50 °C and heated
to 250 °C as cycle 1, and cooled back to 40 °C at the
rate of 20 °C per minute as cycle 2. All the samples
were operated under the nitrogen atmosphere at 80 mL
per min.
UV-VIS-NIR A UV-visible-NIR spectrophotometer
(Cary 5000, Agilent, USA) collected transmittance
spectra in the wavelength range of 250–2500 nm. The
spectrophotometer was equipped with a heating and
cooling stage (PE120, Linkam, UK). Before performing sample testing, baseline correction was ﬁrst performed in a wavelength range from 2500 nm to
250 nm. In our experiments, the samples were injected
into a ‘‘glass box’’ to form the sample membrane.
Place the substrate properly to ensure alignment at the
center of the substrate. All the tests were run at 20 °C
and 50 °C respectively and results of transmittance vs
wavelength were obtained.
According to formula (1-1) and (1-2), the optical
transmittance Tlum (380–780 nm), infrared transmittance TIR (780–2500 nm) and solar transmittance Tsol
(250–2500 nm) and DTlum/IR/sol at each temperature
were calculated.57
R
ulum=IR=solðkÞ TðkÞ dk
Tlum=IR=sol ¼ R
ð1  1Þ
ulum=IR=solðkÞ dk
DTlum=IR=sol ¼ Tlum=IR=sol ; L-Tlum=IR=sol ; H

ð1  2Þ

In the formula, T(k)-incident light wavelength; Tlumvisible light transmission ratio; ulum(k)-standard
human eye visual efﬁciency function; usol(k)-standard
solar spectrum irradiance; Tsol,L -20 °C solar transmission ratio; Tsol,H -50 °C solar transmission ratio.58
3. Results and Discussion
3.1 Preparation of HPC-PVA smart hydrogels
As shown in Figure 1a, the HPC-PVA hydrogel was
successfully prepared by a simple physical crosslinking method.
Figure 1b shows a diagram of preparing glass
interlayer of hydrogel samples. Firstly, the glass
interlayer was ﬁlled by the solution of the HPC-PVA
hydrogel, and another glass substrate were slowly
pressed on the other side. Secondly, sealed with glass
gel. Finally, the glass sheets were rinsed with distilled
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water and the standard sandwich structure samples
were obtained. The thickness of 0.5 mm, 1 mm and
2 mm samples were successfully made to obtain the
HPC-PVA hydrogel smart windows.
Figure 1c shows the diagram of the solar modulation mechanism of the HPC-PVA smart windows. The
HPC-PVA hydrogel with LCST presents a transparentopaque transition around LCST: when the temperature
below the LCST, polymer is hydrophilic, presents a
transparent state, allowing solar radiation penetration;
when above LCST, the polymer internal structure
collapses, showing an opaque state, blocking solar
radiation and thus reducing penetration.
To study the effect of HPC-PVA (4 wt.%) hydrogels’ relation with the modulate solar light, the UVVIS-NIR transmission spectra (200-2500 nm) of HPCPVA (4 wt.%) hydrogel samples were tested at 20 °C
to 60 °C (Figure 2a). It is shown that the hydrogel ﬁlm
transformed transparently to indistinct translucent
when the temperature raised from 20 °C to 60 °C.
There are two transmittance valleys at about 1430 and
1930 nm, this is due to the water absorption at both
wavelengths, the wavelength of 1430 nm corresponding to the O–H stretching and 1930 nm designate as
the combination of O–H stretching and H–O–H
bending in water. At low temperatures, there are more
hydrogen bonds between the water and HPC-PVA
polymer chains; these bonds break with the increasing
temperature gradually, indicating the presence of
continuous phase separation. The oscillator strength of
the O–H bond is proportional to the hydrogen bond
energy. The intensity of the transmittance valleys
decreases with fewer existing hydrogen bonds consequently. When the temperature rises to 50 °C, the
transmittance of HPC-PVA (4 wt.%) hydrogel samples
decreased dramatically. When the temperature
increased to 60 °C, more reduction of transmission in
the visible range is observed with Tlum of 40%. HPCPVA (4 wt.%) hydrogel samples appeared transparent
with high light transmittance at 20 °C, while at 60 °C
they became almost opaque over the entire wavelength
range as shown in Figure 2b. This is mainly because
the temperature rises above LCST, the hydrogen
bonding changes the HPC chains from hydrophilic to
hydrophobic as shown in Figure 1c.
Cross-sectional SEM images of the HPC-PVA
hydrogel at both 20 and 50 °C was examined by Figure 3. The diameter of HPC-PVA ﬁbers is about 2 lm at
20 °C, and the diameter (occupied by water before
lyophilization) exceeds 10 lm. The diameter of the
remaining polymer ﬁber network structure is signiﬁcantly reduced to about 0.4 lm, accompanied by the
shrinking size is much smaller than 2 lm at 50 °C. Due
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Figure 1. (a) Schematic diagram of HPC-PVA composite hydrogel synthesis. (b) Schematic diagram of preparing the
hydrogel sandwich structure glass samples. (c) Solar modulation mechanism of the HPC-PVA smart window.
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breaks and the polymer chain collapses, which leads to
phase separation and polymer aggregation. Polymer
clusters reduce the transparency of hydrogel by scattering the incident light. A reduction in the polymer ﬁber
diameter is observed by over 80-90% after the phase
transition.

3.2 Thermal stability and optical property

Figure 2. (a) Optical transmittance spectra of the 0.5 mm
HPC-PVA ﬁlm with temperature from 20 °C to 60 °C.
(b) The optical images of HPC-PVA (4 wt.%) windows at
20 °C to 60 °C.

to the component and physical properties of PVA and
HPC are slightly different, such as solubility in the
aqueous medium. When temperature is below the lower
critical solution temperature (LCST), the hydrogel is in
hydrated state. It could absorb large amounts of water,
possess highly swelling and elastic, and generate intermolecular hydrogen bonds between the polymer chains
and the surrounding water molecules. When temperature is above LCST, intermolecular hydrogen bond

The transmission rate of a ﬁxed wavelength of 600 nm
in a temperature range of 20 to 65 °C were recorded in
the heating and cooling cycle and plotted as %T versus
T/°C hysteresis loops in Figure 4a. When the temperature was heated from 30 °C to 65 °C, the transmittance of the hydrogel ﬁlm is gradually decreased.
The LCST of HPC-PVA is about 40 °C. As shown in
Figure 4b, DSC tests suggest that different PVA concentration has different freezing and melting points.
The freezing point of 16 wt.% PVA is about at -23 °C,
which is below pure H2O (0 °C) and pure DMSO
(18.4 °C), indicating that H2O/DMSO system becomes
more difﬁcult to solidify because of the strong
molecular interactions between H2O and DMSO. The
freezing points of 8 wt.% and 4 wt.% PVA are -24 °C
and -26 °C separately, indicating that the freezing
point decreases with the decrease of the weight percentage of PVA. There is a glass transition of the
HPC-PVA hydrogel as shown in Figure 4b, the Tg
(glass transition) temperature is around 68–80 °C.
Besides, it can also be observed that the endothermic
peak at around 175–181 °C for the HPC-PVA hydrogels, which is much higher than that of pure H2O
(100 °C) and is slightly lower than that of pure DMSO

Figure 3. SEM image of freeze-dried HPC-PVA hydrogel at (a) 20 °C and (b) 50 °C.
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Figure 4. (a) Hysteresis loop for the temperature-dependent transmittance of the HPC-PVA ﬁlm with 1 mm thickness at
the wavelength 600 nm. (b) DSC spectra of HPC-PVA (4-16 wt.%) samples. (c) Optical transmittance spectra of 0.5 mm to
2 mm HPC-PVA samples at both 20 and 50 °C. (d) Thickness effects on DTsol, DTlum, DTIR and Tlum at 20 °C and 50 °C.

(189 °C), implying that there is a strong intermolecular
force between H2O and DMSO.
The solar light transmittance (250-2500 nm) proﬁles
of HPC-PVA hydrogels at both 20 °C and 50 °C are
shown in Figure 4c. The transmittance of HPC-PVA
hydrogel ﬁlms is gradually decreased with the
increasing thickness of the sample from 0.5 mm to
2 mm at both 20 °C and 50 °C, which indicates that
there is a phase change below 50 °C for HPC. The
water absorption intensity at both 1930 and 1430 nm
increased when the thickness increased from 0.5 to
2 mm due to a higher volume of water. As shown in
Figure 4c and Table 1, to enhance the luminance
transmittance at temperatures above the LCST, the
thickness of the hydrogel was reduced to 0.5 mm.
The optical properties for this thickness are the best.

HPC-PVA samples exhibited considerably high
transparency, high integrated luminous transmittance
(Tlum[90 %, 380-780 nm) at low temperature (20 °C)
and exhibit thermo-responsiveness over a broad
wavelength range (200-2500 nm). Meanwhile, the
transmittance is still higher than 70% even at 50 °C
which provided a good indoor luminance and could
obtain a comfortable vison feeling. Moreover, the
DTlum, DTsol and DTIR of the HPC-PVA samples are
ﬁrstly decreased and then increased to the higher value
with the thickness from 0.5 mm to 2 mm in Figure 4d.
It is noteworthy that wt.% of PVA could inﬂuence
the transmittance of hydrogel ﬁlms. The weight percentage of PVA with H2O and DMSO from 4 wt.% to
16 wt.% was scanned using UV-VIS-VIR. As shown
in Figure 5a and b, 4 wt.% PVA has the highest
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Table 1. Thermochromic properties of HPC-PVA hydrogel thin ﬁlm with 0.5 mm, 1 mm and 2 mm thickness.
Thickness

Tlum(20

0.5 mm
1 mm
2 mm

Tlum(50

°C)

91.3
81.3
71.3

°C)

74.6
71.4
49.6

DTlum

Ave.Tlum

16.7
10
21.8

82.9
76.4
60.4

Tsol(20

Tsol(50

°C)

82.8
72.4
65.2

°C)

71.1
62.5
50.7

DTIR

DTsol

4
1.6
5.3

11.3
9.9
14.5

Figure 5. (a) Optical transmittance spectra of 4 wt.% to 16 wt.% HPC-PVA samples with 0.5 mm at both 20 and 50 °C.
(b) PVA wt.% effect on DTsol, DTlum, DTIR and Tlum at 20 °C and 50 °C.

transmittance with the Tlum of 99.7% at 20 °C, which
is almost the same as corneal. The transmittance with
16 wt.% PVA slightly decreases, with the Tlum 88% at
20 °C. The DTlum, DTsol and DTIR of the samples
initially decrease and then increase to high values with
the concentration of PVA from 4 wt.% to 16 wt.%.
Figure 5a and Table 2 show that the HPC-PVA samples have good infrared transmittance modulation
(DTIR[19.4 %, 780–2500 nm), Tlum (50 °C) of more
than 80% and excellent solar modulating ability
(DTsol[90 %, 200–2500 nm) for the 0.5 mm PVA

(4 wt.%) hydrogel sample ﬁlm, it is an ideal candidate
material for smart windows applications.

3.3 Durability property
Importantly, HPC-PVA (4 wt.%) composite hydrogel
smart windows possess durability and high repeatability. As shown in Figure 6, HPC-PVA (4 wt.%)
sample was exposed under the UV light up to 30 days,
the Tlum and DTsol remain constant and the sunlight

Table 2. Thermochromic properties of 4 wt.% to 16 wt.% HPC-PVA samples.
PVA%
16
8
4

Tlum(20
87.9
98
99.7

°C)

Tlum(50
65.6
86.7
80.3

°C)

DTlum

Ave.Tlum

22.4
11.3
19.4

76.8
92.4
90

Tsol(20

°C)

81.6
92.3
94.4

Tsol(50

°C)

64.2
84.1
80.5

DTIR

DTsol

11.3
3.9
5.5

17.4
8.2
13.8
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Figure 6. Durability test of 0.5 mm HPC-PVA (4 wt.%)
between 20 and 50 °C.

modulation efﬁciency is approximate unchanged,
indicating that the phase transition is performancestable. The response time for the smart window prototypes is 15-20 s. It could be reliable in normal
outdoor conditions.

4. Conclusions
In summary, we report a simple method for preparing
temperature-responsive HPC-PVA hydrogels. The
hydrogel was transparent at room temperature, with
high Tlum (20°C) of 91.3 %, a relatively high translucent
at 50 °C (Tlum of 80 %). Meanwhile, it could provide
both high modulations in the visible range and moderate modulation ability in the IR range with DTsol (2050 °C) of 19.4 %. The DSC tests showed that there was
a strong intermolecular force between H2O and
DMSO. This HPC-PVA hybrid thermochromic material has good reversibility and durability. Hence the
composites can be potential applications for future
smart windows.
Supplementary Information (SI)
A video as supplementary information is available at www.
ias.ac.in/chemsci.
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